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Biotransformation of brominated flame retardants
into potentially endocrine-disrupting metabolites,
with special attention to 2,29,4,49-tetrabromodiphenyl
ether (BDE-47)

Timo Hamers1, Jorke H. Kamstra1, Edwin Sonneveld2, Albertinka J. Murk3,
Theo J. Visser4, Martin J. M. Van Velzen1, Abraham Brouwer1, 2 and �ke Bergman5

1 Institute for Environmental Studies (IVM), Amsterdam, The Netherlands
2 BioDetection Systems BV (BDS), Amsterdam, The Netherlands
3 Toxicology Section, Wageningen University, Wageningen, The Netherlands
4 Erasmus University Medical Center, Rotterdam, The Netherlands
5 Department of Environmental Chemistry, Stockholm University, Stockholm, Sweden

In this study, the endocrine-disrupting (ED) potency of metabolites from brominated flame retardants
(BFRs) was determined. Metabolites were obtained by incubating single-parent compound BFRs with
phenobarbital-induced rat liver microsomes. Incubation extracts were tested in seven in vitro bioas-
says for their potency to compete with thyroxine for binding to transthyretin (TTR), to inhibit estra-
diol-sulfotransferase (E2SULT), to interact with thyroid hormone-mediated cell proliferation, and to
(in-)activate the androgen, progesterone, estrogen, or aryl hydrocarbon receptor. For most BFRs,
TTR-binding potencies, and to a lesser extent E2SULT-inhibiting potencies, significantly increased
after biotransformation. Microsomal incubation had less pronounced effects on other ED modes of
action, due to low biotransformation efficiency and background activities determined in control incu-
bations without BFRs. Moreover, cell-based bioassays suffered from cytotoxicity from metabolites of
lower-brominated polybrominated diphenyl ethers. For the environmentally relevant 2,29,4,49-tetrabro-
modiphenyl ether (BDE-47), six hydroxylated metabolites were identified. Individual metabolites had
TTR-binding and E2SULT-inhibiting potencies 160–1600 and 2.2–220 times higher than BDE-47
itself, whereas their combined potencies in a realistic mixture were well predicted via concentration
addition. In combination with other environmentally relevant hydroxylated organohalogens acting on
TTR-binding and E2SULT inhibition, internal exposure to BFR metabolites may significantly con-
tribute to the overall risk of endocrine disruption.
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1 Introduction

Over the last few years, increasing evidence has become
available that some brominated flame retardants (BFRs)

have endocrine-disrupting (ED) potencies [1–3]. In an in
vitro screening, five different ED profiles of BFRs could be
distinguished based on their potency to interfere with thy-
roidal, estrogenic, androgenic, progestagenic, and aryl
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hydrocarbon receptor-mediated pathways [4]. Since many
BFRs can be metabolized in vivo [5] into potentially ED
active compounds, hazard assessment of BFRs requires not
only information about the in vitro ED potency of the parent
compounds but also of their metabolites. For instance,
Meerts et al. [6] demonstrated that the estrogen receptor
(ER)-activating potency of polybrominated diphenyl ethers
(PBDEs) increased considerably after cytochrome P-450-
mediated biotransformation. Also, Hamers et al. [4] dem-
onstrated a completely different ED profile for 2,29,4,49-
brominated diphenyl ether (BDE-47) compared to its ortho-
hydroxylated metabolite 6-OH-BDE-47. Two endocrine
related modes of action were in particular higher for 6-OH-
BDE-47 than for BDE-47, i. e., (i) the capacity to compete
with thyroxine (T4; the transport form of thyroid hormone)
for binding to human transthyretin (TTR; a T4-transporting
protein in plasma), and (ii) the capacity to inhibit estradiol-
sulfotransferase (E2SULT), an enzyme responsible for sul-
fonation and subsequent inactivation of the endogenous
hormone estradiol.

The in vivo relevance of hydroxylated PBDE-metabolites
(OH-PBDEs) has been demonstrated in several experimen-
tal studies reporting the occurrence of a series of OH-
PBDEs in the blood and feces of PBDE-exposed rat and
mice [5, 7]. Almost 20 OH-PBDE-metabolites have been
identified in rat blood after exposure to a mixture of tetra-
to decaBDEs [9]. In these studies, the majority of OH-
PBDEs were substituted with the hydroxyl group in either
the meta- or para-positions. Many of these experimentally
identified OH-PBDEs have recently also been identified in
human plasma, indicating their tendency to accumulate in
the blood compartment [10]. Remarkably, ortho-substituted
6-OH-BDE-47 is one of the most abundant OH-PBDEs in
human blood samples, but is only a minor metabolite from
BDE-47 in the rat [8]. Possibly, the 6-OH-BDE-47 in
human blood originates from natural production by algae,
mussels, or fish, as has been demonstrated for a series of
environmentally occurring ortho-hydroxylated PBDEs
[11]. It is not yet known to what extent these compounds are
making their way into mammals and humans.

In the present study, we studied changes in the ED profile
of BFRs after biotransformation. Hydroxylated BFR
metabolites were prepared by biotransformation of a single-
parent compound BFR in the presence of phenobarbital-
induced rat liver microsomes and NADPH. Phenobarbital
was chosen as cytochrome P450 (CYP) inducer, since
Meerts et al. [12] demonstrated that biotransformation with
CYP2B-enriched microsomes resulted in PBDE metabo-
lites with higher TTR-binding potency than biotransforma-
tion with CYP1A- or CYP4A3-induced microsomes. In
addition, recent studies indicated that BFRs themselves are
potent CYP2B inducers in vivo [13, 14]. Incubation periods
were based on biotransformation rates described previously
by Harju et al. [15]. The aim of this study was threefold,

i. e., (i) to determine possible changes in in vitro TTR-bind-
ing and E2SULT-inhibiting potencies of BFRs after bio-
transformation, (ii) to determine possible changes in the
potencies of BFRs after biotransformation for disruption of
five other hormone-regulated modes of action, i. e., cell pro-
liferation mediated by the active form of thyroid hormone
(triiodothyronine (T3)) and interaction with the androgen,
progesterone, estrogen, and dioxin (or aryl hydrocarbon)
receptor (AR, PR, ER, and DR, respectively), and (iii) to
identify and quantify the different hydroxylated metabolites
in incubation extracts and their contribution to the ED
potency of the metabolite mixture formed after incubation.
For this last goal, we focused particularly on BDE-47, given
its abundant presence in the environment and the availabil-
ity of standards of its hydroxylated metabolites.

2 Materials and methods

2.1 BFRs and BDE-47 metabolites

Environmentally relevant PBDE congeners number 28, 47,
49, 99, 100, 153, 155, and 181 as well as 6-OH-BDE-47
(A99%; cleaned up on charcoal column to remove possible
impurities of brominated dibenzofurans and dioxins) were
synthesized as described elsewhere [16, 17]. BDE-209 was
purchased from Fluka Chemie and purified on a charcoal
column. Less environmentally relevant PBDE congeners
19, 38, 39, 79, 127, and 185 (A98%) were bought from
Accu Standard. Tetrabromobisphenol-A (TBBPA; A97%)
and 2,4,6-tribromophenol (246-TBP; A98%) were obtained
from Aldrich, a technical mixture (TM) of hexabromocy-
clododecane (HBCD) from Dead Sea Bromine Group, the
individual HBCD diastereomers alpha, beta, and gamma
(A97%) from Cambridge Isotope Laboratories, and a TM of
tetrabromobisphenol A-dibromopropylether (TBBPA-
DBPE) from Broomchemie BV Terneuzen. For all com-
pounds, stock solutions were prepared in DMSO [4].

Six mono-hydroxylated tetrabrominated metabolites that
were theoretically expected to be formed from BDE-47 by
direct hydroxylation of free positions or by a 1,2-bromine
shift via an arene oxide were synthesized by Marsh and
coworkers [18], i. e., 3-OH-2,29,4,49-tetraBDE (3-OH-BDE-
47), 5-OH-2,29,4,49-tetraBDE (5-OH-BDE-47), 6-OH-
2,29,4,49-tetraBDE (6-OH-BDE-47), 4-OH-2,29,3,49-tet-
raBDE (4-OH-BDE-42), 49-OH-2,29,4,59-tetraBDE (49-OH-
BDE-49), and 29-OH-2,39,4,49-tetraBDE (29-OH-BDE-66).
OH-PBDEs were dissolved in DMSO for bioassay testing
or in iso-octane for use as authentic reference standards. In
addition, an artificial mixture was reconstituted in DMSO
consisting of BDE-47 and its six identified metabolites in
exactly the same composition as determined after biotrans-
formation. This mixture was used to determine the com-
bined activity of BDE-47 and its metabolites in the TTR-
binding assay and the E2SULT inhibition assay.
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2.2 Microsomal incubation of BFRs and extraction

Biotransformation was performed with BFRs, for which
Harju et al. [15] determined half-lives a700 min (see
Table 1). BDE-153 and BDE-209, which have half-lives
S700 min were also incubated as negative control substan-
ces. Incubation of the individual BFRs and extraction of the
incubation mixture were performed as described elsewhere
[15], with modified volumes and concentrations to obtain
sufficient amounts of biotransformed material for bioassay
testing. BFRs were metabolized using rat hepatic micro-
somes from phenobarbital exposed male Wistar WU rats
(0.1% w/v in drinking water for 7 days) [12]. Incubation
was performed in 100 mM Tris-HCl (pH 7.8), containing
25 lM parent compound (i. e., 1% v/v dilution of 2.5 mM
stock solution in DMSO), 1 mg/mL microsomal protein,
and 1 mM NADPH, which was added to start the incubation
(final volume of 10 mL). Control incubations received
Tris-HCl buffer instead of NADPH. To prevent NADPH
depletion from the incubation mixture, an additional 50 lL

of 200 mM NADPH in Tris-HCl was added every 15 min of
the incubation period. Based on its half-life in earlier
experiments [15], a specific incubation period ranging from
15 to 90 min was assigned to each individual BFR
(Table 1). Incubation was stopped by denaturation of micro-
somal proteins with 10 mL of ice-cold methanol. After cen-
trifugation of the incubation mixtures (15 s, 1000 g, 48C),
5 mL of Tris-HCl buffer was added to the collected super-
natant and three liquid:liquid extractions were performed
by consecutive shaking with 3610 mL diisopropyl ether
(DIPE). To facilitate exchange of metabolites to the DIPE
phase, 1 mL of 1 M HCl was added to the aqueous phase
during the third extraction step. DIPE phases were collected
and pooled, evaporated under a gentle nitrogen flow and
redissolved in 250 lL DMSO, yielding a stock solution
equivalent to 1 mM of parent compound, assuming 100%
extraction efficiency.

Metabolite recovery was checked by triplicate control
incubations with 6-OH-BDE-47 and microsomes in the
absence of NADPH, which were extracted similar to the
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Table 1. Characteristics of BFR biotransformation by phenobarbital-induced rat liver microsomes and the TTR-binding potency of
parent compounds and metabolites (ND, not determined)

Compound Substitution pattern Biotransformation
rate (t1/2 [min]) in

Incubation time
[min] for biotrans-

IC50 [lM] in TTR-binding assayc)

1-lM mixturesa) formation of in-
dividual BFRs in
the present studyb

Parent compoundd) Biotransformation
extracte)

BDE-19 2,29,6 2 15 – 0.1–1.0
BDE-28 2,4,49 25 30 – 0.1–1.0
BDE-38 3,4,5 4 15 A25 0.1–1.0
BDE-39 3,49,5 58 90 – 0.1–1.0
BDE-47 2,29,4,49 95 90 A25 1.0–10
BDE-49 2,29,4,59 4 15 A25 0.1–1.0
BDE-79 3,39,4,59 71 90 – 1.0–10
BDE-99 2,29,4,49,5 170 90 – 1.0–10
BDE-100 2,29,4,49,6 150 90 – 1.0–10
BDE-153 2,29,4,49,5,59 A700 90 – A10
BDE-155 2,29,4,49,6,69 29 60 – 0.1–1.0
BDE-185 2,29,3,4,5,59,6 63 90 7.4 1.0–10
BDE-209 2,293,39,4,49,5,59,6,69 A700 90 – –
TBBPA 60 90 0.031 0.1–1.0
246-TBP 26 60 0.0048 0.1–1.0
6-OH-BDE-47 7 15 0.18 0.1–1.0
HBCD TM NDf) 90 – –
HBCD alpha 170 90 12 –
HBCD beta 7 30 25 –
HBCD gamma 25 90 – –
TBBPA-DBPE ND 90 5.2 A10

a) Reported by Harju et al. [15]
b) No metabolite mixtures were prepared for BFRs with half-lives A200 min [15], except for BDE-153 and BDE-209, for which micro-

somal extracts were prepared as for the negative controls
c) Means no response at maximum test concentration
d) Reported by Hamers et al. [4]; maximum test concentration = 62.5 lM
e) Concentration expressed as equivalent to the parent compound, assuming 100% extraction recovery; maximum test concentra-

tion = 25 lM
f) Harju et al. [15] determined biotransformation rates for all individual congeners, and not for the TM that mainly consisted of

HBCD gamma
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parent compound incubations. Concentrations of 6-OH-
BDE-47 were determined in the extracts from this control
incubation according to a clean-up method originally devel-
oped for analysis of hydroxylated metabolites of polychlori-
nated biphenyls (OH-PCBs; [19]). Extracts were redis-
solved in hexane and methylated overnight with ethereal
diazomethane at 48C. Clean-up was performed using a sul-
furic acid-silica gel column (1 g of concentrated sulfuric
acid:silica gel (1:2 w/w)). The compounds were eluted from
the column with hexane:dichloromethane (8:2 v/v). After
elution the extracts were quantitatively transferred into
autosampler vials for GC-MS analysis.

2.3 Additional preparation and analysis of cleaned
BDE-47 metabolites

Using an adjusted protocol, additional incubations were
performed with the environmentally relevant BDE-47 to (i)
reduce background responses in the E2SULT assay and (ii)
to identify which metabolites are responsible for the
increased TTR and E2SULT bioassay responses for BDE-
47 after biotransformation. According to Van Lipzig et al.
[20], BDE-47 was incubated similarly as described above,
but the reaction was stopped with 1 mL of perchloric acid
on ice. Metabolites were liquid–liquid extracted by shaking
the incubation mixture for 5 min with 10 mL DIPE, fol-
lowed by 5 min centrifugation (1000 g, 48C) and collection
of the DIPE fraction. After repetition of this extraction step,
both DIPE fractions were pooled, evaporated under a gentle
nitrogen flow, and redissolved in 100 lL water:ACN (1:1
v/v). An extra clean-up step was included using an HPLC
(Varian 9012) with a Waters column (ODS2 5 lm;
4.66150 mm; 0.6 mL/min flow rate). Retention times of
background peaks and metabolite peaks were determined in
10-lL aliquot of the extract on a UV-VIS detector (Shi-
madzu SPD-10Avp; k = 254 and 290 nm). A solvent gra-
dient was used starting at 70% solvent A (90% water, 10%
ACN, 0.1% TFA) and 30% solvent B (10% water, 90%
ACN, 0.1% TFA) linearly changing to 60% of solvent B at
t = 10 min and 100% at t = 20 min, which was continued
until t = 30 min. By comparing chromatograms obtained
from BDE-47 incubations and control incubations, metabo-
lites could be distinguished from background peaks in frac-
tions F1 (13.5–19.6 min) and F2 (20.2–23.0 min) of the
extract. Subsequently, the remaining 90 lL of the extract
was cleaned on the HPLC under the same conditions as
described above. Fractions F1 and F2 were collected,
pooled, evaporated under a gentle nitrogen flow, and redis-
solved in 1 mLTHF.

Ten percent of this cleaned extract (100 lL) was used for
metabolite identification and quantification. After evapora-
tion of THF, the residues were redissolved in 1 mL hexane
and derivatized with ethereal diazomethane and cleaned on
a sulfuric acid-silica gel column, as described above. The
sulfuric acid cleaned extract was redissolved in 100 lL iso-

octane and analyzed by GC-MS (Agilent 6890 with 5973
MS). According to Marsh et al. [8], an SPTM 2331 column
(30 m, 0.25 mm, 0.2 lm film thickness; Supelco, Belefonte
USA) was used with a column temperature program starting
at 808C (1 min), ramped with 208C min – 1 to 2008C (1 min),
and with 38C min-1 to 2708C (12 min). The injector (Gerstel
CIS4) was operated in splitless mode (808C, ramped with
128C s – 1 to 2758C at 0.06 min) and the transfer line temper-
ature was 2808C. Helium was used as carrier gas. The MS
was run in electron impact mode. The electron energy was
70 eV, MS source temperature was 2308C, and the MS
QUAD temperature was 1508C. The MS was operating in
SIM mode scanning for masses 514, 516, and 518 m/z. For
identification and quantification, metabolite standards
were derivatized and analyzed similarly.

The remaining 90% (=900 lL) of the HPLC-cleaned
extract was evaporated and redissolved in 202.5 lL DMSO,
yielding a stock solution of metabolites equivalent to 1 mM
of parent compound assuming no compound was lost dur-
ing the clean-up steps described previously.

2.4 In vitro bioassays

Extracts from biotransformation incubations were tested in
seven different bioassays for 12 different endocrine disrupt-
ing modes of actions, exactly according to the methods
described for the parent compounds [4]. The capacity of
BFR metabolites to compete with T4 for binding to human
TTR was investigated in a TTR-binding assay with [125I]-
radiolabeled T4 [21] with modifications. The potency of
BFR metabolites to inhibit sulfonation of estradiol was
determined as a decrease in the formation of estradiol-sul-
fate after BFR incubation with tritium-labeled estradiol
([3H]E2), recombinant human estradiol sulfotransferase,
and the sulfonate donor 39-phosphoadenosine-59-phospho-
sulphate in the E2SULT assay [22]. Interactions of BFR
metabolites with the androgen receptor, progesterone recep-
tor, estrogen receptor, and dioxin receptor were tested in the
AR-, PR-, ER-, and DR-CALUXm bioassay, respectively
[23]. CALUX bioassays (Chemically Activated LUciferase
gene eXpression; BioDetection Systems BV (BDS),
Amsterdam, The Netherlands) are reporter cell lines carry-
ing a luciferase gene under the transcriptional control of
response elements for activated receptors of interest. The
potency of BFR metabolites to interact with thyroid recep-
tor (TR) was tested in the T-screen, a functional assay based
on the T3-dependent cell proliferation of the rat pituitary
tumor cell line GH3 [27]. By testing the biotransformation
extracts in the absence and presence of a positive standard
compound, both agonistic and antagonistic potencies could
be determined in the cell-based CALUX bioassays and T-
Screen. Cytotoxicity of biotransformation extracts was
tested as a decrease in metabolic capacity to reduce blue
resazurin into pink resorufin in a cell viability bioassay
[28].
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2.5 Experimental set-up and data analysis

Biotransformation extracts from all 21 selected BFRs was
tested in all selected bioassays in four different tenfold dilu-
tions. Assuming 100% extraction recovery, maximum test
concentrations (expressed as equivalent to the parent com-
pound) were 25 lM (TTR-binding assay), 10 lM
(E2SULT-assay), 4 lM (DR-CALUX bioassay), and 1 lM
(ER-, AR-, and PR-CALUX bioassays). For the TTR-bind-
ing assay (n = 2), IC50 values were assessed for the biotrans-
formation extracts assuming 100% extraction recovery.
These results should be regarded semi-quantitatively, given
the unknown extraction efficiencies of the individual
metabolites produced per parent compound. Results from
the E2SULT bioassay and the cell-based T-Screen and
CALUX bioassays (n = 1) could only be treated qualita-
tively, since quantification was not only hampered by
unknown extraction efficiencies but also by background
ED activity, low biotransformation efficiencies, and/or
cytotoxicity (see Section 3). For ED-inactive parent com-
pounds [4], changes in ED potency were only reported
(Table 2) if the highest test concentration of the biotransfor-

mation extracts showed a response greater than 25% of the
maximum response found for a positive standard. For ED
active parent compounds [4], changes were only reported
(Table 2) if the ED potency in the highest test concentration
of the biotransformation extracts either had completely dis-
appeared (in most cases) or differed more than 25% in
response compared to the parent compound.

Additional experiments were performed to determine the
TTR-binding and E2SULT-inhibiting potencies of the indi-
vidual parent compound BDE-47 and its six hydroxylated
metabolites. The combined TTR-binding and E2SULT-
inhibiting potencies of BDE-47 and its metabolites were
determined in a cleaned biotransformation extract of BDE-
47 and in a reconstituted artificial mixture reflecting the
exact ratio between parent compound and metabolites as
determined in the biotransformation extract. Experiments
were performed in duplicate and dose-response curves were
calculated using a sigmoid curve-fitting model with Hill
slope. Relative potency (REP) factors were determined for
BDE-47 and its metabolites by comparing their IC50 value
with the IC50 value of reference materials T4 (TTR-binding
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Table 2. Endocrine-disrupting potency of parent compounds (PC; Hamers et al. [4]) and their biotransformation extracts (BE; current
study) in the cell-based bioassaysa)

ER-CALUX DR-CALUX AR-CALUX PR-CALUX T-Screen

Test compound agonism antagonism agonism antagonism antagonism antagonism potentiation antagonism

PC BE PC BE PC BE PC BE PC BE PC BE PC BE PC BE

Control – 37–42%b) – L – L – 29-39b) – L – L – L – L

BDE-19 M L – L – L – Zc) VH zd) H z M ct – ct
BDE-28 L L – L – L M ct M L L L H ct – ct
BDE-38 M L – L H ct – ct M L L L L ct – ct
BDE-39 – L – L – L L L M L L L – ct – ct
BDE-47 L L – L – L M L M L L L – ct – ct
BDE-49 M L – L L ct L ct H L M L VH ct – ct
BDE-79 L L L z M z – Zc) M L L L – L – L

BDE-99 – L – L L z L z M L L L – L – L

BDE-100 M L – L – L L z VH L M L H z – L

BDE-153 – L – L H z - L L L M L – L – L

BDE-155 M L – L – – – L M L M L M L – L

BDE-185 – Zd) L z – L – L L L M L – Zd) – L

BDE-209 – L – L – L – L – L – L – L – L

TBBPA – L – L – L – L – L – L M – – L

246-TBP – L M z – L – L L L L L – L – L

6-OH-BDE-47 – L H z M ct – ct M L M L – L – L

HBCD TM – L L z – L L z L L M L M L – L

HBCD alpha – L – L – L M z M L M L H L – L

HBCD beta – L L z – L L L L L L L M L – L

HBCD gamma – L M z – L L z M L M L H L – L

TBBPA-DBPE – L – L – L – L – Zd) – L – – – L

a) No potency; L: low potency; M: moderate potency; H: high potency; VH: very high potency; L: similar potency after biotransfor-
mation compared with parent compound; Z: increased potency after biotransformation compared with parent compound; z:
decreased potency after biotransformation compared with parent compound; ct: cytotoxic

b) Control incubation extracts show ER-agonistic and DR-antagonistic potencies of 37–42% and 29–39% of the maximum
response, respectively

c) Cytotoxicity was not observed in the cell viability assay, but cannot be excluded
d) Results are illustrated in Fig. 3
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assay) or pentachlorophenol (PCP; E2SULT assay). Using
these REP factors, concentrations of biotransformation
extracts and reconstituted mixtures could be expressed in
terms of T4-equivalent (T4-EQ) or PCP-equivalent (PCP-
EQ) concentrations. Significant differences between dose-

response curves of reference materials, biotransformation
extracts, and reconstituted mixtures were determined for
each individual experiment with a Student's t-test on slope
estimates and IC50 estimates.

289

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Figure 1. Dose-response curves for the
TTR-binding potencies of parent PBDE
compounds and PBDE metabolites com-
pared to the natural ligand T4. (A) PBDEs
before and after biotransformation by hep-
atic microsomes from phenobarbital
induced rats. (B) BDE-47 and all its six
identified mono-hydroxylated metabolites.
(C) The biotransformation extract of BDE-
47 and an artificial mixture composed of
BDE-47 and its six identified mono-hydroxy-
lated metabolites in exactly the same pro-
portions as found in the biotransformation
extract.
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3 Results

3.1 Screening for in vitro ED potencies of BFR
metabolites

The most pronounced differences between parent com-
pounds and biotransformation extracts were found for the
T4-replacing potency of PBDEs in the TTR-binding assay
(Table 1). At concentrations where parent PBDE com-
pounds had no or low T4-competitive potency, clear dose-
response relationships were obtained for PBDE metabolites
(Fig. 1a). In fact, the increase in potency is probably even
larger than shown in Fig. 1a, since the recovery experiment
yielded an extraction efficiency of 65.1 l 2.3%
(mean l SD) for 6-OH-BDE-47, suggesting that the
assumed value of 100% overestimated the actual recovery
of hydroxylated PBDE metabolites. Although TTR-binding
potencies of TBBPA and 246-TBP were still relatively high
after biotransformation, they were lower than found for the
original very potent parent compounds (Table 1).

For most PBDEs, the E2SULT-inhibiting potency also
increased after biotransformation, but the E2SULT-inhibit-
ing potency of the extracts from microsomal control incu-
bations (i. e., without BFR added) was too high to make
direct comparisons between E2SULT-inhibiting potencies
of individual parent compounds and their corresponding
biotransformation extracts. For example, 10 lM of BDE-47
caused 64% of E2SULT inhibition, whereas the corre-
sponding concentration of its biotransformation extract
caused 100% inhibition (Fig. 2). This change in potencies,

however, could not be attributed to the presence of BDE-47
metabolites, since control extracts containing no metabo-
lites caused 94% of E2SULT inhibition at corresponding
concentrations. To decrease background activity from
microsomal incubations, additional HPLC clean-up experi-
ments were performed as described in Section 3.2.

In the cell-based bioassays, biotransformation extracts of
the lower-brominated tri- and tetra-BDEs caused cytotoxic-
ity at concentrations equivalent to those where parent com-
pounds caused a response (Table 2). During visual inspec-
tion of the cells, cytotoxicity was observed in the rat GH3
pituitary tumor cells of the T-Screen bioassay, and the rat
H4IIE hepato-carcinoma cells of the DR-CALUX bioassay,
but not in the human T47D breast cancer cells of the ER-
CALUX bioassay and the human U2OS osteoblast cells of
the AR- and PR-CALUX bioassays. Visually observed
cytotoxicity was confirmed by a decreased metabolization
of resazurin in the cell viability bioassay (data not shown).

For the ER-antagonistic parent compounds BDE-185,
246-TBP, 6-OH-BDE-47, HBCD TM, HBCD beta, and
HBCD gamma [4], a decrease or complete absence of anti-
estrogenic potency was found after biotransformation
(Table 2). Similarly, the dioxin-like potency of DR-agonis-
tic parent compounds BDE-79, BDE-99, BDE-153, and 6-
OH-BDE-47 [4] decreased or disappeared after biotransfor-
mation (Table 2). These decreases in ER-antagonistic and
DR-agonistic potency may be attributed to biotransforma-
tion of the active parent compound, but a (partial) counter-
balance by unknown ER-agonistic and DR-antagonistic
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Figure 2. Inhibition of estradiol-sulfotransferase (E2SULT; mean l SD) by parent compounds pentachlorophenol (positive control)
and BDE-47 compared to inhibition by the extracts from incubation mixtures with DMSO (control) or BDE-47. Without clean-up, the
increase in the E2SULT-inhibiting potency of the BDE-47 after biotransformation could hardly be distinguished from the background
inhibition by the control extracts. Although HPLC clean-up improved the resolution between BDE-47 metabolites and control incuba-
tions, background inhibition was too large to allow further quantification for the BDE-47 metabolites.
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compounds in the microsomal extracts cannot be excluded.
At the highest test concentration, control extracts from
microsomal incubations had ER-agonistic and DR-antago-
nistic background activities of 37–43% and 29–39%,
respectively, of the maximum response (Table 2). The DR-
antagonistic background response may explain why the
DR-agonistic potency of BDE-153 decreased after bio-
transformation, whereas this compound is hardly metabo-
lized by phenobarbital-induced rat liver microsomes [15].
On the other hand, DR-antagonistic BDE-99, BDE-100,
and HBCD [4] showed a decreased or complete absence of
potency after biotransformation, despite the DR-antagonis-
tic background potency.

Although cytotoxicity and background responses ham-
pered interpretation in many cases, some differences were
still obvious when comparing the endocrine-disrupting
potencies of metabolite extracts with parent compound
BFRs in cell-based bioassays.

Only the biotransformation extract of BDE-185
exceeded the background ER-agonistic activity of the con-
trol incubations, whereas no ER activation was found for
the parent compound (Fig. 3a) [4].

After biotransformation, TBBPA-DBPE became a more
potent AR antagonist, whereas the extremely potent antago-
nists BDE-19 became somewhat less potent (Fig. 3b). For

all other compounds, no differences were found between
parent compounds and metabolites in AR- and PR-CALUX
bioassays (Table 2).

In the presence of T3 (0.25 nM), but not in its absence,
biotransformation extracts of BDE-185 (Fig. 3c), TBBPA,
and to a lesser extent TBBPA-DBPE enhanced GH3 cell
proliferation in the T-Screen. Parent compounds of these
BFRs were unable to stimulate GH3 cell proliferation, nei-
ther with nor without T3 [4]. Interestingly, the biotransfor-
mation extract of BDE-185 tested in combination with
25 nM T3 yielded a T-Screen response 47% higher than the
maximum response found for 1000 nM T3 (Fig. 3c). For
BDE-100, the T3-enhancing potency reported for the parent
compound [4] decreased after biotransformation (data not
shown).

3.2 Reducing background response in the
E2SULT inhibition assay

Although the E2SULT activity of control extracts improved
considerably after HPLC clean-up, the background
E2SULT-inhibiting potency could not be completely
removed (Fig. 2). At the highest test concentration of the
control extract (comparable to the concentration needed to
get a 10-lM test concentration), E2SULT activity increased
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Table 3. Characteristics of BDE-47 and its six hydroxylated metabolites identified after incubations with phenobarbital-induced rat
microsomes

Characteristic BDE-47 29-OH-BDE-66 3-OH-BDE-47 4-OH-BDE-42 49-OH-BDE49 5-OH-BDE-47 6-OH-BDE-47

Molecular structure

Measured contribution to the molar
composition of the whole extract
including the parent compound
BDE-47(%)

98 0.30 0.84 0.10 0.54 0.074 0.022

Measured contribution to the molar
composition of the whole extract
excluding the parent compound
BDE-47 (%)

Not applicable 16 45 5.2 29 3.9 1.2

TTR-binding assay
IC50 (nM)a) 366103 176101 17 19 19 25 156101

Relative Potency towards T4
(T4-REP)b)

0.0025 0.65 4.0 3.5 3.5 3.0 0.39

Calculated contribution to TTR-
binding potency of the extract (%)

3.9 3.1 54 5.5 30 3.5 0.14

E2SULT inhibition assay
IC50 (nM)c) 4.06103 1.86103 23 23 18 1.16102 4.06102

Relative Potency towards penta-
chlorophenol (PCP-REP)b)

0.038 0.083 6.5 6.5 8.3 1.4 0.38

Calculated contribution to E2SULT
inhibiting potency of the extract (%)

28 0.16 37 3.4 30 0.59 0.038

a) IC50 values for TTR-binding assays are calculated as the point of inflection in a full dose-response curve
b) Relative potencies are determined as the ratio of IC50 (reference compound T4 or PCP):IC50 (test compound) within each individ-

ual experiment
c) IC50 values for E2SULT assays are calculated by linear interpolation between two responses located around the 50% inhibition

level
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by a factor of 10 from 6% for the raw extract to 63% for the
cleaned extract (Fig. 2), implying a remaining E2SULT-
inhibiting potency for the HPLC cleaned incubation

extracts of 37%. The E2SULT activity of the BDE-47 bio-
transformation extracts increased much less after clean-up,
i. e., from 0 to 16% (Fig. 2), indicating that the BDE-47 bio-
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Figure 3. Endocrine-disrupting potencies
(mean l SD) of BFR parent compounds,
their corresponding extracts after microso-
mal incubation with phenobarbital-induced
rat liver microsomes, and relevant refer-
ence compounds (in gray). Concentrations
of control biotransformation extracts (in
parentheses) refer to the equivalent con-
centration of the BFR biotransformation
extract when tested in the same dilution.
(A) ER activation in ER-CALUXm bioassay;
(B) AR inactivation in dihydrotestosterone
(DHT)-activated AR-CALUXm bioassay;
(C) enhancement of T3-induced cell prolif-
eration in the T-Screen bioassay.
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transformation extract contained E2SULT-inhibiting com-
pounds other than the unknown compounds responsible for
the background potency.

3.3 TTR-binding and E2SULT-inhibiting potencies
of BDE-47 metabolites

All six tentatively expected mono-hydroxy metabolites of
BDE-47 were identified in the extracts from the additional
BDE-47 incubations (see Section 2.3), i. e., in order of
decreasing concentration 3-OH-BDE-47 A 49-OH-BDE-49
A 29-OH-BDE-66 S 4-OH-BDE-42 A 5-OH-BDE-47 A 6-
OH-BDE-47 (Table 3). The molar quantities of metabolites
extracted from the incubations accounted for only 1.6% of
the original amount of BDE-47 added, suggesting that more
than 98% of the parent compound had not been metabo-
lized. Still, the TTR-binding potency of BDE-47 increased
with more than a factor of 10 after incubation (Table 1),
suggesting that the metabolites had much higher potency
than the parent compound. Indeed, metabolites had TTR-
binding potencies 160–1600 times higher than the parent
compound, when tested separately in the TTR bioassay
(Fig. 1b; Table 3). In fact, all four metabolites that were
hydroxylated in the meta- or para-position (i. e., 3-OH-
BDE-47, 4-OH-BDE-42, 49-OH-BDE-49, and 5-OH-BDE-
47) were more potent than the natural ligand T4, with rela-
tive potencies toward T4 (T4-REP factors) in the range 3–
4. Based on the analyzed concentrations of the different
metabolites and their respective T4-REP factors, the TTR-
binding potencies of the test concentrations were expressed
in terms of T4-EQ concentrations. To confirm that the
assumption of concentration addition (CA) underlying this
T4-EQ calculation was correct, an artificial mixture was
compiled, consisting of BDE-47 and its six identified
metabolites in exactly the same composition as the bio-
transformation extract (Table 3). Testing this mixture in the

TTR-binding assay yielded a dose-response curve that over-
lapped the dose-response curve for T4 (Fig. 1c), as was to
be expected, since concentrations of both curves were
expressed in the same unit (i. e., nM T4-EQ). The TTR-
binding dose-response curve of the biotransformation
extract had significantly shifted to the right side of the T4-
curve (Fig. 1c), indicating that T4-EQ concentrations were
overestimated and/or the TTR-binding potency of the
extract was underestimated.

In principle, a similar approach could be chosen for the
E2SULT-inhibiting potency of the incubation extract, but a
quantitative comparison between E2SULT-inhibiting
potencies of the parent compound BDE-47 and its biotrans-
formation extract was hampered by the relatively high 37%
inhibiting potency of control incubations after clean-up
(Section 3.2; Fig. 2). For the artificial mixture containing
BDE-47 and its six identified metabolites, E2SULT-inhibit-
ing potency could be measured in the bioassay and pre-
dicted using pentachlorophenol-EQ (PCP-EQ) concentra-
tions. As in the TTR-binding assay, the dose-response curve
of the artificial mixture overlapped with the PCP curve
(Fig. 4), confirming that the CA concept was valid for the
E2SULT-inhibition assay.

4 Discussion

4.1 Screening the ED potency of BFRs after
biotransformation in a battery of bioassays

For many PBDEs, metabolites that were formed during
microsomal incubation had higher TTR-binding and
E2SULT-inhibiting potencies than the parent compounds
(Table 1). In contrast, decreased potencies were found for
TBBPA and 246-TBP after biotransformation, indicating
that these BFRs with the highest TTR-binding and
E2SULT-inhibiting potencies as parent compound [4] were
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Figure 4. E2SULT-inhibiting potency
(mean l SD) of an artificial mixture of all
six identified metabolites together with the
parent compound BDE-47 in exactly the
same proportions as found in the biotrans-
formation extract. Concentrations are
expressed in nM PCP-EQ.
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metabolized into less potent metabolites. Although changes
in ED potency after BFR biotransformation were most
obvious in the TTR and E2SULT bioassays, results from
other bioassays screening for other endocrine-related
modes of action also indicated changes in in vitro potencies
of BFRs after biotransformation. As for the TTR and
E2SULT bioassays, differences between bioassay responses
to parent compounds and to incubation extracts were in
general more pronounced for easily metabolized lower-bro-
minated PBDEs than for less-easily metabolized higher-
brominated PBDEs. Higher-brominated PBDEs probably
reached an insufficient degree of biotransformation during
the incubation periods of 15–90 min, despite the fact that
these incubation times were sufficient to reach 50–80%
degradation of parent compounds in an earlier study [15]
using the same protocol. To obtain sufficient amounts of
metabolites for testing in all bioassays (i. e., 250 lL stock
solutions in DMSO analogous to 1 mM of parent com-
pound), however, one adjustment was made to the original
protocol [15], i. e., BFR concentrations during incubation
were increased from the usual 1 lM to 25 lM. For higher-
brominated BFRs, this increase in concentration may have
led to low biotransformation efficiencies, yielding biotrans-
formation extracts that were dominated by parent com-
pounds rather than metabolites. Consequently, bioassay
responses to metabolite extracts could not be distinguished
from responses to parent compounds. This relative decrease
in biotransformation efficiency is also clear from the addi-
tional incubation with BDE-47, where only 1.6% of the
parent compound was metabolized after 90 min (Table 3),
compared to 60% in the previous study [15].

Apart from low biotransformation efficiencies, other fac-
tors hampered the interpretation of the bioassay screening
of the ED potency of BFRs after biotransformation. Cyto-
toxicity seriously disturbed the applicability of cell-based
T-Screen and DR-CALUX bioassays, especially for bio-
transformation extracts of lower-brominated PBDEs. The
exact mechanism behind this cytotoxicity is not known and
is currently under investigation in our laboratory [29]. In
addition, extracts from microsomal control incubations
induced ER-agonistic, DR-antagonistic, T3-enhancing, and
E2SULT-inhibiting potencies in the bioassays. These back-
ground ED activities of the microsomal extracts may be
caused by natural hormones or other endocrine active com-
pounds present in the liver microsomes. Clean-up of the
extracts may be a solution for reduction of background
activity but only when the hydroxylated nature of the
metabolites remains unchanged. Therefore, the most com-
mon clean-up method to determine metabolites analytically
(i. e., sulfuric acid treatment) is inappropriate, because it
involves a methylation of the hydroxy group upon which
the bioactivity of the metabolites is lost. Application of a
mild chromatographic HPLC clean-up led to a reduction in
background E2SULT-inhibiting potency at the highest con-
centration, but not to a complete elimination (Fig. 2). At the

highest test concentration, HPLC cleaned extracts from
control incubations inhibited E2SULT activity by 37%,
probably due to unidentified compounds found in the
HPLC chromatograms (fractions F1 and F2) of extracts
from control and BFR incubations (data not shown). Given
this relatively large background activity, results from
E2SULT experiments with biotransformation extracts were
not quantified but only considered qualitatively.

Despite the limitations caused by low biotransformation
efficiency, cytotoxicity, and background ED activity of the
microsomal incubation extract, a few significant differen-
ces in ED potency of BFRs before and after biotransforma-
tion could be distinguished in the cell-based bioassays.
After biotransformation, a much lower AR-antagonistic
potency was found for BDE-19 than for BDE-100, whereas
the parent compounds of both BFRs had similar potency
(Fig. 3b) [4]. BDE-19 was probably converted much easier
by CYP2B-induced rat microsomes into less-potent metab-
olites than BDE-100. Compared with its parent compound,
the biotransformation extract of TBBPA-DBPE had an
increased AR-antagonistic potency (Fig. 3b), an increased
potency to enhance T3-mediated effects in the T-Screen
bioassay (Table 2), and a decreased potency to compete
with T4 for TTR-binding (Table 1). Since the TBBPA-
DBPE batch used in the present study was a TM rather than
a pure parent compound, it cannot be excluded that impur-
ities and their metabolites contributed to this shift in ED
potencies. The ED profile of BDE-185 also changed after
biotransformation, given the increase in ER-agonistic
potency (Fig. 3a) and especially the increased potency to
enhance the T3-mediated effects (Fig. 3c). BDE-185 is the
only higher-brominated PBDE (A4 bromine atoms) tested
for which ED potency other than TTR binding changed
after biotransformation. BDE-185 is also the only higher-
brominated parent PBDE with two adjacent H-atoms in
meta- and para-positions, which facilitates biotransforma-
tion (Table 1) [15].

The fact that the biotransformation extract of BDE-185
tested in combination with 250 nM T3 resulted in a T-
Screen response 47% higher than the maximum response
found for 1000 nM T3 (Fig. 3c) indicates that BDE-185
metabolites have a synergistic effect on T3-mediated cell
proliferation. This synergism may be explained by a differ-
ent mode of action for BDE-185 metabolites than direct
activation of the TH receptor. Possibly, BDE-185 metabo-
lites facilitate T3 transport into the cells via induction of
transporter proteins such as organic anion transporter pepti-
des (OATPs) [30].

4.2 Profiles of OH-PBDEs determined after in vitro
and in vivo biotransformation

The in vitro metabolite profile of BDE-47 obtained after
incubation with hepatic microsomes from phenobarbital-
induced rats (Table 3) corresponds with the metabolite pro-
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file determined in livers from rats orally administered with
BDE-47. GC-MS chromatograms for these livers showed
three peaks for OH-tetraBDEs [7]. In a later study [8], these
peaks were attributed to 4-OH-BDE-42, 49-OH-BDE-49,
and 3-OH-BDE-47 and/or 29-OH-BDE-66, which were the
dominating and most potent TTR-binding metabolites
found in the incubation extract (Table 3). In the original
study [7], the latter two compounds could not be distin-
guished due to co-elution on the non-polar column used [8].
Our results, however, suggest that 3-OH-BDE-47 contrib-
utes more to this peak than 29-OH-BDE-66 (Table 3). In
feces from the same rats, all six tetrabrominated metabo-
lites were identified, but the metabolite profile was domi-
nated by the para-hydroxylated 49-OH-BDE-49 and to a
lesser extent by 4-OH-BDE-42 and 3-OH-BDE-47 (and/or
29-OH-BDE-66) [8].

As OH-PBDEs are selectively retained by TTR in the
blood, plasma concentrations of BDE-47 metabolites
directly depend on their TTR-binding potencies. In plasma
from rats orally exposed to BDE-47, only two metabolite
peaks were found [7], i. e., 49-OH-BDE-49 and 3-OH-BDE-
47/29-OH-BDE-66 [8]. Remarkably, 4-OH-BDE-42 (i. e.,
the other metabolite dominating in liver [8] and feces [7])
could not be demonstrated in rat plasma [7], despite its
equipotent binding affinities toward human TTR as 49-OH-
BDE-49 and 3-OH-BDE-47 (Table 3). In plasma from rats
intraperitoneally dosed with a PBDE mixture including
BDE-47, 4-OH-BDE-42 was indeed found, albeit at lower
concentrations than 49-OH-BDE-49 and 3-OH-BDE-47 [9].

All three metabolites were also found in serum from chil-
dren working (and living) at a dumpsite in Nicaragua, with
average concentrations (ng/g lipid) of 9.4 (4-OH-BDE-49),
4.9 (49-OH-BDE-42), and 3.3 (3-OH-BDE-47) [10]. These
human serum samples further contained 6-OH-BDE-47 and
49-OH-BDE-17 at comparable concentrations of 6.1 and
7.2 ng/g lipid, respectively. 6-OH-BDE-47 contains a
hydroxyl-group in an ortho-position and bromine groups in
2,4-positions in the non-hydroxylated ring. This structural
characteristic (also shared by 29-OH-BDE-66) is typical for
OH-PBDEs that are naturally produced by sponges, tuni-
cates, and/or red algae [8], suggesting that human intake of
these compounds can be attributed to consumption of fish
or shell-fish exposed to these naturally produced OH-
PBDEs. On the other hand, both ortho-hydroxylated metab-
olites were also identified in fish dietary exposed to BDE-
47 [30]. Given the similarities in 6-OH-BDE-47 levels in
fish-eating and non-fish-eating control groups in the Nicar-
agua study [10], it is more likely that the relatively high 6-
OH-BDE-47 levels in human serum samples are due to
metabolization of BDE-47 in man rather than to dietary
exposure via fish consumption.

Species differences may explain the differences in the
contribution of 6-OH-BDE-47 to the BDE-47 metabolite
profile observed in human [10] and rat blood [7]. A similar
high contribution of 6-OH-BDE-47 to the serum metabolite

profile as determined in humans was also found in mice
orally exposed to BDE-47 [7]. 49-OH-BDE-17, the other
OH-PBDE found at relatively high concentrations in human
blood [10], is a 2,29,4-tribrominated diphenyl ether, that was
also demonstrated in feces from rats orally exposed to
BDE-47 [8]. In addition, two other tribrominated hydroxy-
lated metabolites of BDE-47 were found in these rat feces
samples, i. e., hydroxylated 2,29,4-tribromodiphenyl ether
(BDE-28) with a 29OH-(ortho) or a 39OH-(meta) group. Tri-
brominated metabolites were not determined in the present
study because no standards were available at the time.

4.3 TTR-binding and E2SULT-inhibiting potency
of BDE-47 metabolites

The TTR-binding potency of the artificial mixture, which
had the same molar composition as the incubation extract,
was well predicted by the CA concept (Fig. 1c). The aver-
age IC50 ratio mixture:T4 (both expressed in terms of T4-
EQ) was 0.98 l 0.42 (mean l SD), which was close to the
theoretically expected value of 1. For the incubation extract
itself, however, an IC50 (in terms of T4-EQ) was found that
was three to five times higher than for T4. This shift can be
caused by an overestimation of the T4-EQ concentration
determined according to the principle of CA (x-axis in
Fig. 1c) or by an underestimation of the TTR-binding
potency determined experimentally in the assay (y-axis in
Fig. 1c). An overestimation of the T4-EQ concentration is
unlikely, because the calculation was based on actual con-
centrations in the extract (excluding recovery problems),
whereas results with the artificial mixture showed that CA
leads to correct T4-EQ calculations. It is more likely that an
experimental artifact led to an underestimation of the TTR-
binding potency of the incubation extract. Although the
extract was cleaned on HPLC, it still contained visible fat
residues, which may have caused a decreased availability of
the OH-PBDEs for TTR binding in the assay. In addition,
the Sephadex columns used to separate free T4 from TTR-
bound T4 do not retain all fat, given the observation that
eluates were yellow. Possibly, the eluted fat may have acted
as a carrier for free T4 through the column, causing leakage
of free T4 to the eluate, leading to an overestimation of the
TTR-bound T4 and a consequent underestimation of the
TTR-binding capacity of the incubation extract.

Using the CA concept, the OH-PBDE levels determined
in serum from children working and living on Nicaraguan
dumpsites can also be recalculated into T4-EQ concentra-
tions. By summation of the concentrations [10] multiplied
with their respective T4-REP factors (Table 3), the T4-EQ
concentration of OH-PBDEs in blood plasma was estimated
to be 0.102 lg T4-EQ/g lipid or 0.55 nM, assuming a lipid
percentage of 0.41% [10] and a density of 1025 g/L (http://
hypertextbook.com/facts/2004/MichaelShmukler.shtml)
for blood plasma. In a recent risk assessment of prenatal
exposure to halogenated phenolic compounds [32], a “no

295

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



T. Hamers et al. Mol. Nutr. Food Res. 2008, 52, 284 –298

observed adverse effect level” (NOAEL) was determined
for developmental effects such as prolonged estrous cycle
and changes in spatial learning behavior in rats. This
NOAEL corresponded with estimated levels of 222 lg T4-
EQ/g lipid in plasma from rat offspring at post-natal day 4.
Comparing this NOAEL with the 0.102 lg T4-EQ/g lipid
found for OH-PBDEs in serum from children at Nicaraguan
dumpsites, suggests a margin of safety by a factor 2000,
which should be sufficient to cover uncertainties to extrapo-
late from rats to humans. As an alternative, the T4-EQ con-
centration of OH-PBDEs in blood plasma can be compared
directly with the natural T4 concentration in human blood.
The 0.55-nM T4-EQ concentration of OH-PBDEs is more
than 100 times lower than (i) the lower range of total T4
(TT4) in healthy adults estimated to be 64 nM (http://
www.thyroidmanager.org/Chapter6/6-frame.htm) and (ii)
the average IC50 value of 70 nM determined for T4 in the
present study.

Despite the relatively large margin of safety, children
working and living on dumpsites are exposed to potent TTR-
binding hydroxylated organohalogens other than BDE-47
metabolites, such as pentachlorophenol, OH-PCBs [33], and
possibly TBBPA (not determined), all with T4-REP factors
greater than 1 [4, 12, 21, 32]. In addition, it should be realized
that vulnerable groups such as children with low thyroid hor-
mone levels or developing fetuses from pregnant women
working at the dumpsite might be more at risk.

Using the CA concept, a total E2SULT-inhibiting
potency of 1.1 nM or 71 ng PCP-EQ per gram of lipid was
calculated for the BDE-47 metabolites in serum from chil-
dren in the Nicaraguan case. Compared to the actual PCP-
level of 17 nM or 1200 ng/g lipid determined in these chil-
dren [33], the contribution of OH-PBDEs to the E2SULT-
inhibiting potency is 7% of the contribution of PCP itself.
Also, the 1.1 nM PCP-EQ concentration estimated for OH-
PBDEs is more than 250 times lower than the average IC50

value of 284 nM determined for PCP in the present study. It
is worth noting that the 17-nM serum concentration of PCP
is only 17 times lower than its in vitro IC50 value.

4.4 Concluding remarks

The study described in this paper demonstrates that bio-
transformation can change the in vitro ED profile of BFRs.
Incubation of parent compounds with microsomes and sub-
sequent extraction of the incubation mixture is an easy
method to obtain biologically relevant metabolites. Appli-
cation of in vitro bioassays for screening the ED potency of
these extracts, however, was hampered by low biotransfor-
mation efficiencies and background ED activities of the
microsomal incubation extract. In addition, the applicabil-
ity of cell-based bioassays was seriously disturbed by cyto-
toxicity of metabolites from lower-brominated PBDEs.

The most pronounced differences between parent com-
pounds and biotransformation extracts were found for the

TTR-binding potency of PBDEs, and to a lesser extent for
their E2SULT-inhibiting potency. As for PCBs [21][22],
these ED potencies increased after introduction of an OH-
group. For BDE-47, six different OH metabolites could be
identified, each with TTR-binding and E2SULT-inhibiting
potencies 160–1600 and 2.2–220 times higher, respec-
tively, than the parent compound. Most potent metabolites,
i. e., hydroxylated in the meta- or para-position, were also
formed in the highest quantities. Experiments with artificial
mixtures of BDE-47 metabolites demonstrated that the
TTR-binding and E2SULT-inhibiting potencies could be
well predicted applying the CA concept. Using this concept,
concentrations of individual BDE-47 metabolites deter-
mined in human blood [10] could be aggregated into TTR-
binding and E2SULT-inhibiting potencies. The margins of
safety between exposure levels (expressed as T4-EQ or
PCP-EQ) and in vivo effect levels (i. e., more than two
orders of magnitude) suggest that BDE-47 metabolites
alone pose little risk to humans. It should be realized, how-
ever, that environmental exposure to TTR-binding or
E2SULT-inhibiting compounds is not restricted to BDE-47
and its metabolites. Humans and wildlife are exposed to
complex mixtures containing many other hydroxylated
organohalogens, either by direct exposure to parent com-
pounds such as PCP and TBBPA or by indirect exposure to
hydroxylated metabolites from PCBs and PBDEs. Since
these compounds act on common targets, they have a com-
bined ED potency exceeding the individual potencies of the
single constituents of the mixture. Although in vivo single-
compound toxicity studies traditionally used in hazard
assessment of chemical substances do reflect the formation
of bioactive metabolites, they do not account for the com-
bined hazard with other compounds and their bioactive
metabolites acting on the same target. Therefore, single-
compound hazard assessments of BFRs may underestimate
the combined ED and cytotoxic hazard of a complex mix-
ture containing BFRs and their metabolites.
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